Abstract: Fine-scale genetic mapping is often hindered by the lack of adequate markers surrounding the locus of interest. In the filamentous ascomycete Neurospora crassa, the genome has been sequenced and an effort has been made to generate genomewide deletion strains for the entire gene set. Accordingly, the hygromycin-resistant marker in each deletion strain can be used as a mapping locus in a classical three-point cross, along with the mapping target and a standard marker. We have demonstrated the feasibility of this fine-scale mapping approach in N. crassa by refining the location of r(Sk-2).
INTRODUCTION
Map-based cloning is often a prelude to the identification and characterization of mutant alleles in an organism with a well-defined sexual cycle. In the model fungus Neurospora crassa, decades of research has established a large collection of genetic markers for determining the approximate location of a gene. However, the availability of suitable makers for finescale mapping can be still insufficient at times. An example is the resistant to Spore killer-2 [r(Sk-2)] locus on the left arm of chromosome III, whose closest markers, cumulus (cum) and acriflavine resistant-7 (acr-7), are several map units (m.u.) away. Recently, marker availability has been vastly improved by the construction of a knockout library (Colot et al. 2006) , as the hygromycin-resistant gene (hph) in each deletion strain can act as a potential mapping marker in a three-point cross. In the present study, we have set out to fine-map the r(Sk-2) locus using this approach.
MATERIALS AND METHODS
Markers used in this study are originated from the Fungal Genetics Stock Center (FGSC; McCluskey et al. 2010) and their descriptions can be found in the N. crassa eCompendium (http://bmbpcu36.leeds.ac.uk/,gen6ar/ newgenelist/genes/gene_list.htm) and the N. crassa Database (http://www.broadinstitute.org/annotation/genome/ neurospora/MultiHome.html). Three-point crosses were performed as described by David D. Perkins in the Neurospora Online Protocol Guide (http://www.fgsc.net/ neurosporaprotocols/How%20to%20determine%20gene% 20order%20using%203-point%20crosses%20final.pdf).
RESULTS AND DISCUSSION
Selection of eight gene knockouts surrounding the r(Sk-2) locus.-In a cross of Spore killer Sk-2 3 wild type (WT; Sk-sensitive), the four progeny (ascospores) not containing the killer element are inviable Perkins 1979, Raju 2002) . However, loci conferring natural resistance, such as r(Sk-2), have been found in the wild populations (Campbell and Turner 1979) . To generate mapping progeny and determine the precise location of r(Sk-2), eight knockout markers (located between cum and acr-7) were selected based on its previously mapped position (FIG. 1, TABLE I ). Because this work began when the knockout project was in an early stage, four of the eight desired knockouts were unavailable. Thus we generated four deletion strains (P16-07-P16-10) in our laboratory with knockout vectors provided by the Neurospora Functional Genomics group. Knockout mutants were generated in a manner consistent with other strains of the collection (Colot et al. 2006 ). Crosses to standard r(Sk-2) strains for mapping purpose were then performed with all eight deletion strains (TABLE II) .
Genotyping of the hph, acr-7 and r(Sk-2) loci among the mapping progeny.-For each member of the mapping populations, the hph marker was scored by assaying its growth on hygromycin-containing (200 mg/mL) Vogel's slants (Vogel 1956) or Sorbose plates (Brockman and de Serres 1963) . For some of the crosses, only hph progeny were selected and analyzed. The acr-7 marker was scored by a growth assay on acriflavine-containing (10 mg/mL) Sorbose plates. In crosses to susceptible strains (e.g. WT), Sk-2 yields four black and four white (inviable) spores. On the other hand, all eight spores mature normally in an Sk-2 3 r(Sk-2) cross. Accordingly, the presence or absence of r(Sk-2) was determined by crossing a candidate strain to an Sk-2 female Westergaard lawn (Westergaard and Mitchell 1947) . The ratio of black to white spores could then be observed among progeny shot to the surface of a glass plate placed directly above the perithecia (fruiting bodies).
Three-point cross analysis.-In a three-point cross (Perkins 1959) , the three genes involved are known as points and the space between two points is referred to as an interval. Because the number of progeny resulting from crossing over in one interval is more frequent than those in both intervals, the relative order of the three genes can be established. Percentage of crossovers in each interval can then be used to determine the mapping distance. In this study, the three points are hph (found in each deletion strain), r(Sk-2) (the mapping target), and acr-7 (a standard marker). Genotypic frequencies of the progeny from the corresponding three-point crosses [gene D ::hph 3 r(Sk-2) acr-7; TABLE II] are provided (TABLES III, IV). The mapping data indicate that r(Sk-2) is 1.3 ( 3 / 231 3 100) m.u. to the right of NCU09145 and 1.3 ( 7 / 556 3 100) m.u. to the left of NCU09159 (FIG. 1) . These results provided the first step toward our eventual cloning and characterization of r(Sk-2), which has shed light on the long-standing mystery of the N. crassa Spore killer system (Hammond et al. unpubl).
Concluding remarks.-The hph markers of the knockout collection provide N. crassa researchers the opportunity to refine the position of any existing mutation. With a new mutation, the use of the alcoy linkage testers (Perkins 1991) in conjunction with conventional mapping is recommended to first locate the gene to within a 5-m.u. region. On the other hand, the PCR-based molecular marker tool constructed by Jin et al. (2007) can be used for the initial mapping. The fine-mapping approach with hph marker strains as presented here can then be used to further refine the position of the new mutation. (Sk-2) . The positions of the gene knockouts are relative to the approximate locations of cum and acr-7, whose molecular identities remain unknown (Perkins et al. 2001) . Arrows point to the location of r(Sk-2). Knockouts were chosen originally based on their location on two telomere-proximal contigs (Nos. 74 and 68, assembly 7). These contigs have since been subsumed by supercontig 3 of the current N. crassa genome release (assembly 10). 
